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INTRODUCTION
Sandersonia aurantiaca Hook. is a monotypic genus (family Colchicaceae, formerly Liliaceae) found in South Africa from south-eastern Transvaal to Swaziland, Natal and eastern Cape (Hennessy, 1977) . Although now rare, its natural habitat is open moist grasslands or in shady wooded ravines. It naturally flowers in November and December, hence its common South African name 'Christmas Bells'. Bright orange lantern-shaped flowers develop on the top third of slender stems that can be up to 100 cm in length. The leaves are bright green and lanceolate shaped. These characteristics make it an attractive cutflower subject. Stem length and flowers per cm are the main criteria by which flower stems are graded for export (FlowerZone International Ltd, 2000) . However, stem internode length and strength, leaf colour, flower number, flower colour and flower shape also play important roles in quality (L. Fieldes, pers. comm.) .
Sandersonia was first commercialised in New Zealand in the 1980s. It is now the third largest flower crop exported from New Zealand (Statistics New Zealand, 2000) and is increasing in popularity as a cutflower crop in a number of other countries. Initially, sandersonia was grown in New Zealand under protection in its natural flowering cycle, 106 but improved technologies and cultural knowledge have expanded to a point where sandersonia can be grown all year round. To supply these markets however, sandersonia is often grown in a wide range of climatic conditions and under varying cultural practices, which can lead to varying product quality. For example, some growers plant unsprouted tubers while others sprout them first. New Zealand's climate is a temperate one, but growing environment temperatures can reach the high 30s in summer, and 0 o C and below on the coldest winter nights.
In recent years, market research has identified when customers require this product and its quality standards. Cultural and technical innovations have enabled these requirements to be better satisfied. A number of studies on sandersonia - (Brundell and Reyngoud, 1985; Catley, 1994; Clark, 1995; and Davies et al., 1998) have advanced this knowledge for New Zealand sandersonia growers. This paper will extend this knowledge by describing the effect of temperature and irradiance on stem and flower development.
MATERIALS AND METHODS
Data for the stem and flower development studies were collected during two sets of controlled environment experiments, and the data for the flower initiation and sprouting studies were collected as part of two other controlled environmental experiments.
Conditions Common to all Studies
Tubers used in all the experiments were of a 7 -10g grade which had been chilled at 4 o C for 12 -14 weeks to break dormancy (Clark, 1995) . In preparation for sprouting, intact tubers were cut through the junction of the two "legs" so that the legs to be planted weighed approximately 4 g. They were then dipped or dusted with a fungicide, spread between layers of moistened sphagnum and placed in controlled environment cabinets.
Sprouted legs were planted, 2 per 1.25 L pot, in a 1 peat : The PPFs in the m ain lighting period were provided by four 1 kW high pressure discharge lamps (Sylvania 'Metalarc') and four 1 kW tungsten halogen lamps, and the PPF during daylength extension by four 150 W incandescent lamps. In each room where shading was used, two trolleys were fitted with neutral density synthetic screening resulting in 210 or 460 µmol m -2 s -1 respectively. A constant vapour pressure deficit of 0.7 kPa was maintained in all rooms. Each treatment consisted of two blocks of 12 pots, with each block on a separate trolley. Trolley positions were reallocated within each room twice weekly to minimise positional effects. A completely randomised design was used with replicates for each light and temperature combination. Each pot was supplied automatically to excess, half-strength Hoagland's A solution twice daily (Brooking, 1976) .
Where variable conditions or treatments were used, a description is given in the following sections.
Flower Initiation Studies
Tubers that had been chilled at 4 o C for 13 weeks were cut and dipped in a fungicidal solution containing 0.55 g L -1 benomyl and 1.6 g L -1 thiram for 5 minutes. They were then sprouted in bags of moistened sphagnum in two CE rooms maintained at 24 and 18 o C, and in a cabinet maintained at 12 o C f or up to 32, 38 and 62 days respectively. Ten tuber legs were sampled at intervals and dissected under a binocular microscope to count the total number of structures present on the shoot apex (bracts, leaf initials and leaf primordia). Appearance of floral initials in the axils of leaf initials was also recorded.
Sprouting Studies
Tubers that had been chilled at 4 o C for 14 weeks were cut and dipped in a fungicidal solution containing 0.25 g L -1 benomyl and 1.6 g L -1 thiram for 2 minutes before being air-dried for 18 h at room temperature (20 o C). Sprouting conditions were maintained at 12, 18 or 24 o C for 25, 14 and 20 days respectively, after which time, tubers were planted in two CE rooms at temperatures of 18 and 24 o C. At the time of planting, visible sprouting had just only commenced, with the coleoptile 2 to 3 mm in length and root initials barley visible.
Stem and Flower Development Studies
For both studies, tubers had been chilled for 12 weeks at 4 o C. There were three irradiance levels, described earlier in Section 2.1.
In the constant temperature studies, freshly cut tubers were dipped in a fungicidal solution containing 0.8 g L -1 thiram and 0.4 g L -1 of acromycin for 5 minutes before being air dried for 16 hours at room temperature. The tubers were sprouted at 24 o C for 10 days. After planting, pots were placed on trolleys in five CE rooms. The temperature treatments imposed were constant 15, 18, 21, 24 or 27 o C. A daylength extension of two hours followed the main lighting period.
In the temperature differential studies, freshly cut tubers were dipped, dusted with 50 sublimed sulphur: 50 talc, and sprouted at 25 o C for an average of 6 (range 4 -9) days. The temperature treatments imposed in the CE rooms all had a mean of 21 o C and day/night differentials of -6, 0, +6, +12 or +18 o C. A one hour daylength extension occurred at either end of the main light period. Tuber sprouting and planting in each room was staggered to start at approximately two weekly intervals. From the time of arrival until preparation for sprouting the tubers were stored at 4 o C. Timing of each temperature differential treatment was randomly ordered to reduce compounding effects of variable tuber chilling times. The first temperature treatment was repeated at the end of the experiment to identify effects of differing tuber chilling times. The total time that lapsed between the first planting and last planting was 8 weeks, therefore the tubers used in the last batch had 8 weeks more chilling than those used in the first batch.
Measurements and Data Analysis
For all the stem and flower development studies, flower stems were harvested once the two oldest flowers were fully reflexed. At harvest time twelve parameters were recorded. Digital callipers were used to measure stem diameters and two floral dimensions. These were the widest diameter of the flower, termed the "hips", and the narrowest diameter, termed the "waist", of the lowest flower on each stem.
Data was collected on an individual plant basis but pot means were calculated prior to analysis. The data was analysed to determine temperature and light effects using the GLM procedure in SAS (SAS Institute, 1993) with count variables either log or square-root transformed before analysis.
RESULTS

Floral Initiation and Sprouting
For tubers sprouted continuously at constant temperatures, new primordia were initiated at a more or less constant rate for the first 12 -14 primordia (Fig. 1) . Visible flower initiation began to occur after 62 days of sprouting at 12 o C, 30 days at 18 o C, and just 22 days at 24 o C. By this stage an average of two bracts and 11 to 12 leaves had been initiated. Floral initials formed in the axils of leaf initials from leaf node 8 or 9, with a new floral primordium being formed for every new leaf. At all temperatures, floral initiation had commenced before the coleoptile had reached 25 mm in length. This means that floral initiation in sandersonia would normally occur prior to emergence of the sprout from the growing media.
Sprouting temperature was also shown to affect flower numbers per stem. When tubers were sprouted at 12 o C then grown at temperatures of 18 or 24 o C, stems produced fewer flowers compared with warmer sprouting temperatures (Fig. 2) .
Stem and Flower Development Studies
Temperature and irradiance both had significant effects on stem and flower growth and flower stem quality.
Flower numbers on the main stem increased with constant growing temperature and irradiance (Fig. 3A) . The increase in flower numbers was affected more by PPF than by temperature in this experiment -a 12 o C drop in temperature reduced flower numbers by 1.5 whilst a reduction in PPF from 700 to 210 µmol m -2 s -1 decreased the number of flowers on the stem by 2 -2. Under differential temperatures, the greatest numbers of flowers were produced at differentials of 0, +6 and +12 o C, and as PPF increased (Fig. 3B ). The number of stems that had aborted flowers remained relatively low (less that 7%) as temperature differentials changed, except at the lowest PPF level of 210 µmol m -2 s -1 , where stem abortion increased as the temperature differential decreased. Therefore, at a -6 o C temperature differential, approximately 47% of stems had at least one aborted flower.
Irrespective of temperature regime, varying temperature and PPF induced significant morphological changes in sandersonia flower shape and pedicel length. Flower shape is influenced by the relationship between the widest (hips) and narrowest (waist) parts, and pedicel length. This relationship is best described by the ratio of hips to waist. Wide hips and a narrow waist (a high ratio value) produce a lantern-shaped flower, which is considered to be most desirable. Shorter pedicels are also more desirable.
Increasing constant temperatures significantly decreased the degree of flower "lanterning", but PPF had no effect (Fig. 3C ). Even so, there was a significant temperature and irradiance interaction. Temperatures with the lowest day/night deviations (±6 and 0 o C differentials) produced the most desirable shaped flowers (Fig. 3D ). In these differential temperature regimes, irradiance effects were highly significant, particularly at temperature differentials greater than 0 o C. Constant temperature changes affected pedicel length more so than temperature differentials, even though the latter still had a significant effect. In both regimes pedicel length increased as PPF decreased. An increase in constant temperature from 15 to 27 o C increased pedicel length by about 20 -30 mm, whereas a temperature differential change of -6 to +12 o C increased it by just 8 -11 mm. At temperature differentials greater than +12 o C, pedicel length declined. The number of days to flowering decreased with constant temperature. The effect of irradiance was small in comparison to temperature but was still significant (Fig. 3E) . There was an exponential decrease in the duration between shoot emergence and flower harvest with increasing temperature. Under the day/night differential growing regimes, plants flowered quickest in the control temperature of a constant 21 o C, and the highest PPF level (Fig. 3F ). Above and below this temperature differential, the number of days to flowering increased. In comparing the two temperature regimes, a change in constant temperatures from 15 to 27 o C reduced the number of days to flowering by 28 days, whereas a change in temperature differential from +18 to 0 o C, reduced this figure by just 11 days.
Stem length increased as constant growing temperature increased to 24 o C, then sharply declined with a further increase in temperature to 27 o C (Fig. 3G) . The effect of irradiance on stem length was greater than that of temperature. At all constant temperatures, reducing the PPF from 700 -210 µmol m -2 s -1 increased stem length by about 20 cm. As the day/night differentials increased from -6 to +12 o C, so did stem length, then it steeply declined (Fig. 3H) . As in the constant growing environments a reduction in PPF increased stem length.
The ability of cut stems to stand vertically, was assessed by measuring the degree of bending. This angle was significantly affected by all temperature and PPF treatment combinations, but more so by the latter. Stem strength was in general inversely related to stem length, so that the strongest self-supporting stems were produced under combinations of lower temperature and higher irradiance, or as the temperature differential decreased from +12 to -6 o C, or to a differential of +18 o C. This can be partially explained by the dry weight data. Stem dry weight and leaf dry weight significantly decreased with constant temperature and increased with PPF. Calculating the ratio of stem dry weight to length showed that the amount of dry matter per cm length of stem, increased significantly with PPF and decreased with constant temperature. Total stem dry weight increased with PPF and as temperature differentials increased, until a differential of 0 o C was reached when it plateaued out, and the ratio of stem dry weight to length increased with temperature differential and PPF.
DISCUSSION
Temperature and light have a major influence on the timing of flowering, and flower quality, specifically on stem length and strength, flower numbers and flower shape. These effects are not linear though and for growers trying to maximise flower quality and minimise the number of days to flowering there are constant trade-offs in the environmental conditions they attempt to provide. This work has been undertaken using constant and differential temperatures and irradiance levels, even though virtually all crops are grown under fluctuating environmental conditions. Comparison of constant temperatures and temperature differentials particularly, allows better understanding of the effects of constant temperatures to the real growing environment.
Daily and seasonal fluctuations in temperature and irradiance are not the only variations that occur in a growing environment, or in an experimental situation at times. When data from the two stem and flower development studies was overlaid for identical environmental conditions, some differences were observed. In any experimentation involving biological materials, it is difficult to remove all the variables that may result in such differences. These differences could be attributed to varying tuber pre-histories and tuber chilling durations, but are not considered to be biologically significant and would be no greater than differences that occur in planting material used for commercial cut flower production in New Zealand.
From our work we can make a number of recommendations which will improve the quality and quantity of flowers produced by commercial sandersonia growers.
Relatively warm temperatures greater than 12 o C, are required to ensure that as many potential flowers as possible are initiated. This poses a problem for growers planting unsprouted tubers directly into the greenhouse, particularly in winter.
The number of flowers produced on the main stem increases as constant temperatures increase, but these same high temperatures produce the l east desirable shaped flowers with the longest pedicels. Above 24 o C, stem height begins to decrease, and stem strength begins to increase. For these two variables, irradiance has a greater effect than temperature. Decreasing irradiance increases stem length consistently, and significantly reduces stem strength particularly at very low light levels and as constant temperatures increase.
We know that growing conditions for sandersonia and other cutflower crops are not constant. Both summer and winter greenhouse conditions in New Zealand can produce temperature differentials of at least +18 o C regularly, as well as large seasonal and daily fluctuations in irradiance levels. These temperature fluctuations occur because New Zealand greenhouses generally do not have well-controlled environments (Catley et al., 2000) . In differential temperature growing environments the number of flowers produced on the main stem increases as temperature differentials increase up to about +12 o C, and as irradiance increases. This temperature effect is as great as that for plants grown in a constant environment. Differentials of negative or zero values produce the best shaped flowers, and either a negative differential, or a large differential (greater than +18°C) produces the shortest pedicels. Even so, these differential temperature effects are less desirable, (and sometimes less obtainable), than constant temperature effects. The number of days to flowering is shortest at a zero differential but constant temperature changes have a far greater effect. Stem height and strength is more greatly affected by changes in temperature differential, than by constant temperature changes, but reduced irradiance levels adversely affect stem strength in both temperature regimes. Weak stems are a problem during winter production as these are the environment conditions that often prevail.
Optimal conditions for quality sandersonia flower production must include relatively high irradiance levels as this increases flower numbers and stem strength. Recommending an optimal temperature range is less easy, as this is a balancing act between optimising important floral characteristics (such as flower number and flower shape) and stem length and strength, and producing flowers for narrow market timeslots. However, it is suggested that tubers should be pre-sprouted and then grown in temperatures of about 18-24 o C with minimal temperature differentials. Even though we have shown negative temperature differentials can be beneficial in terms of flower shape, practical application of these techniques is probably not realistic in New Zealand. These temperatures are lower than those recommended to maximise stem length and flower numbers reported by Kaddar et al., (1997) . Fig. 1 . Primordia development. 
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